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ABSTRACT 

The feasibility of a heterodyne detection FM-CW laser 
radar capable of providing simultaneous range and velocity 
information was investigated. Linear triangular frequency 
modulation was accomplished with an acoustooptic modulator. 

Two separate optical configurations were investigated. ' Ranges 
to 2400 ± 30 yards were measured using a two-inch retro- 
reflector as a target, with a 7000-yard maximum predicted 
range. Velocities as low as .37 m/sec were easily measured, 
and the system was estimated to have a velocity resolution 
of approximately .05 m/sec. The measured receiver sensitivi- 
ty was approximately 30 db below the theoretical limit. Pos- 
sible causes and remedies for this reduced sensitivity are 
presented. An unexplained zero velocity return was observed 
from a moving target with the second optical configuration. 

A signal contamination of the local oscillator beam was also 
observed. Investigations of the cause of this contamination 
and possible explanations are presented. 

Simultaneous results of this project are reported in 
FM-CW Laser Radar at 10.6 Microns, a thesis by Lieutenant 
T. H. Chance [Ref. 7] . 
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I. INTRODUCTION 



One of the primary advantages of a laser communications 
or radar system is the enormous economically achievable 
antenna gain and hence excellent spatial resolution. 

Another advantage is the extreme receiver sensitivity if 
shot noise limited operation is achieved with a heterodyne 
detection system [Refs. 1, 2, 3, and 4], Several communica- 
tions and radar systems have been built that approach within 
an order of magnitude the theoretical quantum or shot noise 
limit [Ref. 5] . 

The combinations of the well known 8-13 micron atmospher- 
ic window; high available output powers', high conversion 
efficiencies; and detectors with high quantum efficiencies 
indicate that a carbon dioxide wavelength system may be the 
best candidate for an optical radar [Ref. 5] . 

Coherent (heterodyne) detection is more advantageous at 
longer optical wavelengths due to reduced quantum noise, 
less stringent optical alignment requirements, less atmo- 
spheric coherence degradation effects, and a larger 
resulting field of view for a fixed receiver aperture. 

Thus a longer wavelength system is capable of a greater 
sensitivity for a fixed field of view [Ref. 6]. 

In addition to the greater achievable sensitivity of 
heterodyne detection, it also offers considerably reduced 
background radiation interference and spatial signal 
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discrimination. The latter two combine to form a certain 
degree of immunity to jamming from hostile sources. 

Heterodyne detection also preserves the phase information 
contained within the transmitted signal. This allows the 
application of powerful signal processing techniques to 
extract maximum information from the returned signal. 

A frequency modulated continuous -wave radar system has 
several advantages over the more conventional pulsed type 
radars. It has no minimum range; the range resolution is 
potentially greater than for pulsed systems; and it is 
less susceptible to narrow band jamming. The radar sensi- 
tivity is a function of the average output power, and for 
a continuous wave system this is the full laser power. In 
a pulsed system the average power is the laser power reduced 
by the duty cycle. The inherent coherent property of a 
continuous wave system allows for simultaneous measurement 
of both velocity and range information. Since the doppler 
information is proportional to the transmitted frequency, 
the extremely high frequency of an optical system should 
allow velocity measurements to a fraction of a meter per 
second . 

The excellent angular resolution of the laser coupled 
with the excellent range resolution and high average powers 
of the continuous wave radar in conjunction with the ease 
and accuracy of velocity measurements indicate that a 
heterodyne detection, FM-CW laser radar may be a potentially 
useful system capable of development with current technology. 
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II. GENERAL THEORY OF OPTICAL DETECTION 



Photo detectors fall into two classes: photon or 

quantum detectors and thermal detectors. The latter type 
are extremely narrow bandwidth low-pass devices and hence 
are inappropriate for communications or radar detector 
applications. Photon detectors can further be broken down 
into four basic types of detectors: photoemiss ive , photo- 

conductor, photovoltaic, and photoelectromagnetic . Since 
photoemiss ive devices do not extent to wavelengths much 
greater than 1 y [Refs. 3, 4, 8, and 9], and since the 
cumbersome magnetic field requirements and limited band- 
widths of the photoelectromagnetic have limited its practi- 
cal application, only photoconductor and photovoltaic 
devices will be discussed. 

A. DETECTION MECHANISM IN SEMICONDUCTORS 

For a photon to be absorbed by a semiconductor, it is 
necessary that the photon energy be greater than the 
material energy gap, E . This places a long wavelength 

o 

limit, X , on the photogencration process given by 



The short wavelength limit is determined by carrier absorp- 
tion at the semiconductor surface through surface trapping 
and absorption effects [Refs. 4, 9, and 10]. The detection 
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mechanism is a creation of excess charge carriers caused 
by the absorbed photon. 

1 . Photo conductors 

This is the simplest type of detector. It consists 
of a single crystal slab of semiconductor material or of a 
thin film of semiconductor material deposited on a substrate. 
The thin film may be either single crystal or polycrystal- 
line depending upon the material used. The detector is 
biased with an external potential as shown in Figure 12. 

The incident radiation changes the carrier concentration and 
hence detector conductivity, and the resulting change in 
detector current develops a potential signal across the load 
resistor. The signal current can be expressed by the 

-n nr /I 1 

lOI « 4 J » 

P 

i s = Sv ^ 2 7 ^- + m (t) cost) t] Cl) 

S ilV 1 1 + (w tK 2 

m 

where t is the carrier lifetime, and T is the carrier transit 
time. From this it can be seen that the bandwidth of a pho- 
toconductor detector is carrier lifetime limited. 

Extrinsic infrared photoconductors rely upon optical 
excitation of energy sites within the host crystal band gap. 
These energy sites are caused by impurities such as copper, 
mercury, cadmium or zinc. The prime disadvantage of this 
type of detector is the low temperature operating require- 
ments [Refs. 3 and 9]. 
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Intrinsic photoconductors utilize band-to-band 
excitation for the detection mechanism. Recent developments 
have been achieved with such mixed crystals as Hg^^CD^Te 
and Pb, Sn Te [Refs. 11, 12, 13, and 14]. The operating 
wavelength of these detectors can be controlled by varying 
the molar content x. The significance of these detector 
materials is a higher permissible operating temperature. 

2 . Photovoltaic or Photodiode Detectors 

A photovoltaic detector consists of a p-n junction 
formed within an intrinsic semiconductor. Incident photons 
create an electron hole pair within the crystal bulk. If 
this carrier pair is generated within the depletion region 
or within a diffusion length of the depletion region, the 
internal electronic field of the uiode will separate the 
charge carriers and a potential will be developed across 
the diode terminals. The photovoltaic detector's frequency 
response is a function of the carrier diffusion time, 
drift time within the depletion region, and junction 
resistance -capacitance . 

However, measurement by Peyton and others [Ref. 2] 
on 2.5 ym HgCdTe photovoltaic detectors showed that the 
frequency response was limited by the RC constant of the 
p-n junction. Burke and Koehler have performed measurements 
on HgCdTe photodiodes at an elevated temperature of 170°K. 

A bandwidth of 200 MHz was achieved at 10.6 ym with 1.7 
volt reverse bias [Ref. 15] . The technical importance of 
these measurements lies in satisfying the cooling requirement 
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with thermoelectric coolers. In general, photovoltaic 
detectors exhibit the highest detectivity when they are 
operated in the short-circuit or zero bias mode. For mod- 
erate or wide band operation, however, a reverse bias is 
usually applied to increase the bandwidth by decreasing 
junction capacitance. 



B. SENSITIVITY COMPARISON OF OPTICAL HETERODYNE AND 
ENVELOPE (DIRECT) DETECTION 

1 . Envelope Detection Sensitivity 

Photodetectors convert the absorbed optical radiation 
into electrical output signals. They are square law devices 
that respond to the intensity of light averaged over a few 
optical cycles . This is due to the limited speed of 
response of the carrier transport and relaxation processes 
within the detector. These responses do not have sufficient- 
ly short time constants to respond to the optical field 
variations. The expression for the conversion of the 
incoming optical power into a direct current is: 



J s = 



nqP f 

”hv" 



( 2 ) 



This is a fairly important relationship in that is 

can be used to calculate the quantum efficiency of a detector 

if the optical power and signal current are known. The 

minimum signal that the detector is capable of detecting 

is a function of the different noise sources within the 

system. The familiar expression for shot noise due to an 

average DC durrent is N^ = 2qIBRj where T is the average 
DC current . 
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The thermal noise contributed by the detector is 



N 



g 2 = 4KTB, and the noise caused by the 



of the following amplifier is 4KT e ££B, 
to-noise ratio thus becomes: 



effective temperature 
The power signal- 



S/N = 



R L 



2q B C f P S* P E) + V R L + 4KB C T+T eff> 



(3) 



Now if the thermal noise dominates the shot noise (usual 
case for a well designed and state of the art detector) , 
then the signal- to-noise ratio reduces to: 



S/N 



[ 



r)<lPq O 

TSPl \ 



7TTF$ fT+T 7TT 
• eft' 



(4) 



Equations (2) and (3) are for a photovoltaic 
detector as generation-recombination noise is not included. 
Also 100% intensity modulation is assumed. Assume a 50 OHM 
detector operating into a matched load. The following 
amplifier has a 3 db noise figure. The noise equivalent 
power is the value of optical signal power required to 
produce a signal- to-noise ratio of 1. Therefore: 



NEP = 2hv K ( ^ T+T eff ) .l/2 
/B nq R L 



( 5 ) 



If the quantum efficiency is assumed to be 1, and 
the following amplifier has a noise figure of 3 db , then the 
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